Objectives. Conventional cervical screening is insufficient at identifying patients who are likely to progress from cervical dysplasia to carcinoma. Traditional epidemiologic studies have identified potential factors to aid in the discrimination between those lesions likely to progress from those likely to regress; however, there is still much to be learned. To examine the role of traditional epidemiologic factors in conjunction with molecular markers of human papillomavirus activity, we studied a group of women attending colposcopy clinics in Houston, TX, and Vancouver, BC, between October 2000 and July 2003.
of cervical cancer, and the molecular events that drive the malignant transformation are well documented.
Additionally, epidemiologic investigations have identified several risk factors for the progression of HPV-infected epithelium to high-grade lesions and cervical carcinoma [3] . Among the most consistent risk factors are oral contraceptive use, parity, cigarette smoking, and infection with certain STIs, especially Chlamydia trachomatis and herpes simplex virus 2 (HSV2) [4, 5] . It is not completely understood how these factors interact with the HPV-induced molecular events to drive the malignant transformation. In spite of the recently approved vaccines against HPV infection by two of the oncogenic types of HPV (16 and 18) , the need still exists to identify risk factors and markers of progression for cervical cancer.
We quantitated HPV mRNA expression and cytometric features from cervical swab specimens. These molecular markers were then used along with the epidemiologic risk factors to build a polytomous regression model to predict level of dysplasia. This was done to ascertain which of the traditional epidemiologic risk factors continue to play an important role in carcinogenesis when considering the molecular events that occur.
Methods

Study design and population
This analytical cross-sectional study was performed using data from a multicenter Phase II clinical trial which employed fluorescence and reflectance point spectroscopy to diagnose cervical disease. Overall study designs, protocols, and preliminary results from the parent study are presented in detail elsewhere [6] . The current study assessed the potential role of HPV mRNA levels and nuclear morphometric characteristics (e.g., DNA index and chromatin condensation) as covariates in the classification of HPV-associated cervical dysplasia. The study population consisted of women with abnormal Papanicolaou test results attending the colposcopy clinics at M.D. Anderson Cancer Center, Lyndon B. Johnson General Hospital, and Memorial Hermann Hospital in Houston, Texas, USA, and the British Columbia Cancer Agency in Vancouver, British Columbia, Canada, between October 2000, and July 2003.
The study was approved by the IRB at each institution, and participants gave written informed consent prior to enrollment. All study participants were identified as positive for HPV 16 and/or HPV 18 DNA by PCR. Women with a normal biopsy or having a cytological diagnosis of atypical squamous cells of undetermined significance (ASCUS) were grouped into the Normal category. Women with cervical intraepithelial neoplasia (CIN) I or HPV-associated changes were grouped as low-grade squamous intraepithelial lesions (LSIL), those with CIN II or CIN III were grouped as high-grade SIL (HSIL).
Data and specimen collection
A demographic and epidemiologic risk factor questionnaire was completed upon each participant's enrollment in the study. Clinical specimens were collected for: histopathologic confirmation of disease, quantitative cyto-and histopathology, HPV typing, and HPV mRNA analyses. Study physicians collected specimens for HPV DNA and mRNA analyses using an endocervical cytobrush as described previously [7] .
Nucleic acid isolation and quantitation
Details of HPV DNA and HPV E7 mRNA quantitation have been reported elsewhere [7] . Briefly, viral DNA was extracted from cervical cytobrush specimens using a commercially available kit (Qiagen DNA Mini Kit, Qiagen, Valencia, CA) and analyzed for HPV L1 gene consensus sequences by PCR, followed by specific typing with HPV 16 and HPV 18 probes. Total mRNA was extracted from cervical cytobrush specimens using a commercially available kit (RNAqueous, Ambion, Austin, TX, USA), and reverse transcribed into cDNA (RETROscript, Ambion, Austin, TX, USA). An equal quantity of cDNA (20 ng) from each sample was analyzed by absolute real-time PCR for quantitation of HPV 16 and HPV 18 E7 mRNA expression according to the type of HPV DNA found in the sample. The cervical cancer cell lines, HeLa and SiHa were used as controls in the PCR reactions, as previously described [7] .
Quantitative cytology
Cytologic specimens were temporarily stored at 4°C in liquid-based fixative. ThinPrep slides were made from the cell suspension and stained for quantitative analysis using a Feulgen-based preparation, which is stoichiometric for DNA. All cytometric measures were performed in Vancouver, BC, Canada, in a central laboratory.
Digital images of the Feulgen-stained nuclei were collected using the Cyto-Savant imaging system (Cancer Imaging, Vancouver, BC, Canada). Slides were automatically loaded onto the microscope stage in batches of 50 and exhaustively scanned for abnormal (non-diploid) cells. A maximum of 2000 diploid cells were measured per slide at a wavelength of 600 nm, using a 20 × 0.75 aperture plan objective lens.
The digital images were then sorted using a multi-step classification system. First, cell objects were sorted by DNA content, shape, and size features using binary decision trees based on training datasets from previous studies into normal (diploid), abnormal (DNA index greater than 1.5), and "junk" (debris, overlapping cells, etc.) groups. DNA index is the normalized DNA amount of each cell; a value of 1 indicates a diploid specimen. The normal cells were used as the diploid standard for normalization performed automatically during scanning. Second, after scanning, a cytotechnologist verified the normalization, removed any remaining "junk" from the diploid and non-diploid cell groups. Third, a cytopathologist reviewed the non-diploid cells microscopically and (20) Short_runs_mean, short_run_stdv, short_run_min, short_run_max, long_runs_mean, long_run_stdv, long_run_min, long_run_max, gray_level_mean, gray_level_stdv, gray_level_min, gray_level_max, run_length_mean, run_length_stdv, run_length_min, run_length_max, run_percent_mean, run_percent_stdv, run_percent_min, run_percent_max further classified them into sub-categories: "non-diploid" ("true abnormal"), "normal non-diploid cells", and reactive cells.
A two-level quality control procedure for automatic cytometry was used. First, every slide batch included a Quality Assurance (QA) slide for the Feulgen staining process. Second, a reference slide containing multiple objects of the same known optical density and size was used to assess consistency of the scanning process.
After classification and quality control, nuclear feature measurements were performed on the digital cell images according to computations described elsewhere [8] . Three categories of features (Table 1) were measured for each cell image: morphological features characterize increases in nuclear size and severe distortions in nuclear shape that are associated with aneuploid progression of SIL. DNA content features estimate the absolute intensity, optical density levels of the nucleus (which are proportional to the DNA content of the cell), and the intensity distribution characteristics. Texture features describe the variations in optical intensity over the nuclear image and present an objective and quantitative method for characterization of changes in chromatin appearance.
For our multivariate analyses of the quantitative features, we were most interested in measuring DNA index and chromatin texture. The DNA index was calculated over the entire cell population on each slide. The chromatin texture feature was calculated as a multi-component score for only the normal diploid cell population as follows. We defined integrated HPV-associated changes (iHAC) as changes in chromatin features induced by expression of the E7 protein. Under the hypothesis that textural features measured by cytometry can discriminate those cells with E7 expression, we generated an individual cell score, which was a phenotypic measure of the degree and intensity of deviation of an epithelial cell with integrated HPV DNA. On the two extremes of this cellular scale, we first defined a group of normal diploid cells (DNA index between 0.9 and 1.1) selected from HPV DNA-positive and RNAnegative cervical specimens and then a group of cells from HPV DNApositive and RNA-positive cervical specimens. By training the system on these two sets of phenotypically identical cells, we can be certain that the changes we detect are not due to some underlying process, in this case HPV infection. A stepwise linear discriminant analysis was performed between these two groups to select the most relevant cytometric features. The features selected by this process included: fractal_dimen, contrast, lowDNAcomp, fractal1_area, cl_prominence, avg_short_runs, lowVSmed_DNA, hiDNAamnt, den_dark_spot, and correlation. Correct classification by the discriminant analysis was 59%. This is similar to our findings for other cervical samples and lung tissue. A canonical score (iHAC score) based on the discriminant analysis was then calculated for each individual cell in each specimen. The threshold that maximized the discrimination of the training set was used as the cutoff value for an iHAC-positive cell in the test set. The chromatin changes were then reported as the percentage of cells for which the iHAC score was below the threshold. All statistical analyses for the generation of the iHAC score were performed with the STATISTICA package (StatSoft, Inc., Tulsa, OK, USA).
Statistical analyses and regression modeling
Differences in demographics by disease status were determined by Chisquared test for categorical variables or analysis of variance (ANOVA) for continuous variables. Copy number of mRNA for each HPV type was transformed using the natural logarithm to minimize right-handed skewness. The Kruskal-Wallis nonparametric ANOVA method was used to discern differences in the mean mRNA levels, DNA index, and chromatin score among the categories of dysplasia (normal, LSIL, HSIL). Cuzick's nonparametric test for trend was used to assess the presence of a trend in mRNA levels, DNA index, and chromatin score across the levels of dysplasia. Dysplasia was scored for ranking as 1, 2, and 3 for normal, LSIL, and HSIL, respectively.
Polytomous and ordinal logistic regression modeling was performed utilizing the methods of Hosmer and Lemeshow [9] . The baseline polytomous model compares HSIL to Normal and LSIL to Normal. Three ordinal models were used: an adjacent category ordinal model comparing HSIL to LSIL and LSIL to Normal; a continuous ratio model comparing HSIL to LSIL/Normal and LSIL to Normal; and a proportional odds model comparing HSIL to LSIL/ Normal and HSIL/LSIL to Normal. A list of potential covariates was established based on the study hypothesis and suggestions from the literature [4, 5] . These included: RNA amount, DNA index, iHAC score, current smoking habits, excessive alcohol use (defined as reporting at least one occasion during the last month on which the participant drank more than 5 drinks), marital status (in married or married-like situation vs. not), parity, menopausal status, current OC use, history of C. trachomatis and HSV-2, and number of sexual partners within the last year. Variables significant at the 0.20 alpha level in univariate analyses were considered for inclusion in the final model. Proper functional form (e.g., linear, dichotomous) was determined utilizing the Quartile Method [9] . Diagnostic graphs (residuals, leverage, and (2007) S163-S169 influence) were plotted to assess the fit of the final model for all covariate patterns. Any covariate patterns found to have unnecessary influence on the model were excluded from the analysis. An overall goodness-of-fit test was performed and an ROC curve plotted for each logit (Fig. 1) of the most parsimonious model. Analyses were performed in Stata, v8.2 (Stata Corp, College Station, TX), and two-sided p-values are reported.
Results
When the current study began, 1477 specimens had been collected for mRNA analysis (Fig. 1) . Analyses by PCR for HPV DNA were complete for 870 specimens; of which, 378 were positive for HPV 16 and/or HPV 18. From these, six samples were excluded due to missing histology, and two were excluded due to a diagnosis of squamous cell carcinoma. Thirty samples were subsequently lost during the mRNA extraction process; however, there was no significant difference in the histologic category of these samples (data not presented). Finally, 340 samples were available for mRNA analysis. Of those, 46% showed HPV 16 infection alone, 25% showed HPV 18 infection alone, and 29% showed co-infection with both types.
According to biopsy, 217 subjects were negative for dysplasia, 74 had LSIL, and 43 had HSIL. This distribution of histologic grades is similar to that of the 1477 samples that were originally collected; therefore, any selection bias is unlikely (data not shown). Demographic characteristics differed slightly by histology ( Table 2 ). Women in the normal category were older (mean age 45 years), married (59%), had a higher income (N $50,000 [49%]), and mostly from the Houston site (77%) when compared to the LSIL and HSIL groups. Women identified with LSIL and HSIL were closer in age; mean ages were 36 and 32 years, respectively. Also of note was that women in the HSIL group were more likely to be from the Vancouver site than any of the other groups. This is mostly due to the differences in standard of care for low-grade lesions between USA and Canada. There were no differences between the groups based on race and education level. The initial logistic model included: total RNA (continuous as the natural log), DNA index (categorical), iHAC score (dichotomous), age (continuous), marital status (dichotomous), annual household income (dichotomous), current smoker (dichotomous), heavy drinker (dichotomous), parity (dichotomous), current OC (Table 3) . Beginning with a model containing all potential covariates, the variable with the least significant p-value was removed and tested using the likelihood-ratio test until all variables left in the model significantly (at α = 0.05) contributed to the model. The final baseline category polytomous model included the following variables: total RNA, DNA index, and number of pregnancies. Age, marital status, annual household income, and study site were assessed as potential confounders; however, only age significantly affected the model. The most significant variable in predicting histological grade was DNA index, and increasing age showed a significant decrease in prevalence of HSIL and LSIL when compared to normal (Table  4) . Results from the three ordinal models (Table 5 ) support the findings from the polytomous model.
Discussion
In general, it is believed that higher grades of dysplasia have a higher probability of progression; however, epidemiologic and laboratory studies have been unable to predict the progression of precancerous lesions to carcinoma. The use of conventional cytology has also been unable to predict the progression of lesions in individual patients [10] . Poor intraand inter-observer reproducibility of cytologic screening has been improved with the use of liquid-based cytologic methods, and investigators are developing semi-automated quantitative cytology based on digital image analysis of the specimens. However, quantitative pathology methods are not widely accepted by cytologists and pathologists, and screening programs are expensive to maintain due to the amount of resources that go to evaluating atypias and low-grade lesions. In addition, these analyses have not yet been able to identify a single marker of progression.
We report the use of conventional epidemiologic risk factors for HPV infection with molecular markers for carcinogenesis (mRNA expression and quantitative cytology) to model cervical dysplasia. To our knowledge, this is the first report to utilize both image cytometry and expression of HPV E7 mRNA from both HPV 16 and HPV 18. Some reports exist on the expression of viral oncogenes in cervical cancers and high-grade lesions, and others examined the relation of viral load to epidemiologic risk factors. However, evidence supporting viral load as a risk factor for progression is still unclear. Most studies associate a high viral load with high-grade cervical lesions [11] [12] [13] [14] [15] [16] ; however, newer studies suggest it is a predictor of low-grade lesions [16] [17] [18] and ASCUS [16] as well. Giuliano et al. identified several epidemiologic factors (age, number of sexual partners, marital status, contraceptive use, and chlamydial infection) as important predictors of infection with high-risk HPVs [19] . They also identified HPV viral load as a significant predictor of LSIL and HSIL; while parity was important for LSIL but not HSIL [20] . Our results also show age and parity as important predictors when considered with DNA index and mRNA level; however, parity appeared to convey a protective effect in our analysis. The effect with parity could be related to the older age of the women in the normal cytological category compared to the LSIL and HSIL groups.
Rajeevan et al. examined the effects of the E6/E7 transcripts in HPV 16-infected women [21] . They showed in a multivariate analysis that having high viral load, both E6 and E6 ⁎ I transcripts, and age greater than 25 were all associated with CIN III; while only increased viral load was associated with CIN II. Smoking was the only other epidemiologic factor found significant, however, this was in univariate analysis and only held for CIN III. Our univariate analysis also showed smoking to be highly related to both LSIL and HSIL. In addition, we showed that marital status, annual income, heavy alcohol use, number of pregnancies, current OC use, and number of sexual partners in the last year were also significant factors for LSIL and/or HSIL in univariate analysis. However, in the multivariate models these factors were excluded by the addition of the molecular factors. The only epidemiologic factor that remained in our model was number of pregnancies, with higher parity being protective for both LSIL and HSIL.
Castellsague and Muñoz suggest that cofactors of HPV infection can be classified into 3 groups: environmental or exogenous factors (OC use, tobacco use, diet, and STIs), viral factors (HPV type and variant, viral load, and viral integration), and host factors (endogenous hormones, genetic factors, and immune response) [4] . In order to fully understand the risk factors that contribute to the progression of low-and high-grade cervical lesions, we must consider all three types of cofactors. The current study is the first step in this process; it includes the molecular markers that represent viral expression and consequences on cervical cells and the traditional epidemiologic markers of environmental risk. The next logical step would be to include those factors related to host immune response. Much of the basic immunology concerning HPV infection is known [22, 23] . However, the additional factors contributing to host immune response, or lack there of, are elusive. The investigation of markers for immune response would provide that third level of evidence needed to fully investigate the factors contributing to progression.
The ultimate goal of epidemiologic modeling of progression is to improve the screening process for HPV-related disease and prevent cancer. The predictive power of the current study was excellent for HSIL (area under ROC curve = 0.9913) and was very good for LSIL (area under ROC curve = 0.8148) (Fig. 2) .
The sample size for this analysis was sufficient to power the findings (ten events per variable in the model is sufficient) [9] . With 43 subjects in the HSIL group, which was the least populated, there is enough power for the four predictor variables in the final model. Important factors identified for the cervix could also be important in other tissues, both other anogenital tissues and the oropharynx. As mentioned previously, there are several women each year whose Papanicolaou testing reveals some abnormality; however, the majority of these women would not develop cancer from these lesions. The results of the current study suggest that the molecular markers for progression are just as important, if not more so, than the traditional risk factors, and point to the importance of looking at host response markers as well as viral factors for the control of the malignant transformation in the cervix.
